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FORWIND-TUNNELAPPLICATION

ByH.JulianAllen

SUMMARY

NOZZLE

Thedevelopmentofanasymmetrictypeofadjustablesupersonic
nozzlesuitableforapplicationtowindtunnelsisdescribed.Thisnew
typeofnozzlepermitscontinuousadjustmentofthetest-sectionMach
numberwithouttherequirementof flexiblewalls.Uniformityofflow
withinthetestsectionaswellasthecompressionratiorequiredfor
theattainmentofthesupersonicflowareconsidered.

. Theadvantagesanddisadvantagesofthisnozzlerelativeto the
conventionalinterchangeable-fixed-blockandflexible-wallnozzles
arediscussed.

.

INTRODUCTION

Inthedesign
velocitystreamin
velocitygradients

ofanywindtunnel,theattainmentofa uniform
thetestsectionistheprimeconsideration.The
parallelandnormaltothetest-sectioncenterline

must be smallinorderthattheresultsofaircraftmodeltestsmaybe
appliedwithconfidencetothedeterminationofthefree-flightaircraft
behavior.To determinetheeffectsof compressibilityontheaerodynamic
characteristicsofaircraftmodelsintheconventionaltypeofwindtun-
nel,thetest-sectionairspeedmust,inaddition,be adjustable.

In thefamiliarsubsonicwindtunnel,neitheroftheserequirements
isdifficultto obtain.An entrancenozzle,thewallsofwhichprovide
a smoothandcontinuouspassagefromtheairentrancethroughtheflat-
walledtestsection,willsufficetopreventimportantgradientsnormal
to.thetunnelaxis. Ina nonviscousfluid,zeroaxialvelocitygradients
atthetestsectionwouldobtainwithparallelaudflatwallsat thetest
section,butfora realfluidsomeflareofthewallsmustbe providedto

b allowforthegrowthoftheboundarylayeralongthenozzlesurfaces.
Withsucha tunnel,thetest-sectionairspeedmaybe veryconveniently
adjustedby changingtherotationalspeedofthedrivingfanorcompressor.
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Withthesupersonic
mentsisnotsosimple.
wallshapeswillpromote

windtunnel,theattainmentoftheserequire- d

Onlya certainfsmilyof smoothcontinuous
therequireduniformityofflow,while,even k“

moreimportant,thevelocityatthetestse&tioncanno longerbe varied
by changingtherotationalspeedofthedrivecompressors.Thislatter
anomalymaybe convenientlyshowninthefollowingmanner:

.-
Consider

theflowinthe”nozzleoffigure1 wherein.theexitpressurePI maybe
loweredwithrespecttotheentrancepressurePo. Sincethemassflow
mustbe thesameatianypositionalongthenozzlethen,if-itisassumed
thatflowconditionsareconst?nrKacrossaziygivencross-section,

pVA= constant
.—

where,atanypoint,

P density

v velocity

A cross-sectionalareanormaltotheflowdirection

Thatis,”
.-.

d(pVA)= O

orthelogarithmicderivative

(1)

.- ‘-
—

●

_— -—
—

Bernoullit&equationfor-compressibleflowisgivenby

dp _
P - Viv

wherep isthelocalpressure.

Sincethesquareofthevelocityof soundisgivenby
—..

dp a2.---=
dp

.—

.-

then

dp VdV—. .—
P a2 =-M2:
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andequation(1)becomes

dll dV &,v (1—=-—
A

(2)

If thevelocityat allstationsislessthansonic,thenfrom
equation(2),thefsmiliarresultthatthevelocityincreasesas the
areadecreasesisobtained.At supersonicspeeds,when 1-M2 isseen
tobe negative,thereverseistrue.At thespeedof sound,moreover>
1-M2 is zerosothat dA mustbe zero.Thatis,ifa Machnumberof
unityisattained,itisonlyattainedat theminimumarea,orthroat,
section.

Theflowbehavioras theexitpressurePI isreducedbelow P.
isthenthefollowing:Startingfromrest,thevelocitywillincrease
andtillbe a maximumatthethroat.Thisisthefsmiliarcondition
witha subsonicwindtunnel,as shownby curveA offigure1. When PI
issufficientlybelowP. tohavethesonicspeedattainedat the
throat(designateda*)as shownby curvesB andC,no furtherreduction
in P1 willincreasethethroatvelocityandthenozzleis saidtobe

. “choked.”Instead,a supersonicflowdownstreamof thethroatwillbe
obtainedwhichwillbe abruptlyterminatedby one‘ormorecompression
shockwavesnormalto thestream,theaxialpositionofwhichwillbe

. determinedlythepressuredifferenceP. –Pl whichisprovided.This
caseis shownby curveC.

Sincetheflowis chokedthenit is clearthataheadof thenormal
shockwavethevelocityatanystationisa functiononlyof thelocal
areaas itisrelatedtothethroatarea. Thusfora supersonicwind
tunnelthespeedat thetestsectionisuniquelydeterminedby theratio
ofthetest-sectionareatotheminimumor throatareaaheadof it,the
pressuredifferenceP.– I?lbeingthatrequiredtomaintainthenormal
shockdownstreamofthetestsection.Theratioofareasrequiredasa
functionoftest-sectionMachnumberisshownfora nonviscousfluid
(whereintheboundarylayerneednotbe considered)in figure2.,

I
1 Thenozzleof figure1 couldprovideanysupersonicspeedrequired

fora modeltestifthemodelweremovedto theappropriateposition
downstreamofthethroat.Theflow,however,wouldbe unsatisfactory
becauseoftheaxialvelocitygradient.Instead,a passagewitha
concave-walledsectionfollowinga convex-walledsection,suchas shown
infigure3, wouldberequired.

To obtaintherequiredspeedat thetestsection,thegeometry.of
thenozzleforwardofthetestsectionmustbe varied(asindicatedby. thedottedcurves)soas to obtaintheproperratiooftest-sectionarea
tothroatarea,aswellas toprovidesucha passageaswillmeetthe

* requiredzerovelocitygradientsatthemodelposition.Thislatter
requirement,notso simpletoattainas inthesubsoniccase,hasbeen



4 NACATN 2919

classicallytreatedbyPrandtlandJ3tisemanh-employingthemethodof
characteristics.Applicationofthemethodhasbeenthoroughlytreated
innumerouspapers.(See,e.g.,refs.lsiiii2.)

Clearly,itiwouldbe possibletodesi&na seriesof interchangeable
nozzleshapesoffixedformwhichwouldgiveasmahydifferenttestMach
numbersasdesire-d.Thishadbeentneschemeemployedformanysuper-
sonicwindtunnelsbuilttodate. Ithastheadvtitageofisimplicity”
butsuffersfromtwomajordisadvantages:First,onlyasmanysupersonic
testspeedsareavailableas individtzalfixednozzlessothatifmall
speedincrements,aredesiredthenumberof-nozzlesrequiredbecomeslarge
andthecostof suchan installationaccordinglygreat;and,second,for
largewindtunnelstheschemebecomesImpracticalmechanically,since
thenozzleblockweightbecomessogreatas tomakethechangingofthe
blockstoodifficultandtimeconsuming.

To avoidthedifficultiesofthefixednozzles,thevariable
geometrynozzlewasdeveloped,With*hisarrangement,as ithasbeen
employedtodate,twoapposite.wallsofthenozzhare rigid,flat,and
parallel,whiletheremainingtwowallsaresufficientlythinandflex-
ibletobe warped,by a systemof jacks,to-therequirednozzleshapes.
Thismethodhastheadvantagesthatanytest-sectionspeedoverthe
extremitiesof thespeedrsmgemaybe obtainedbyproper.positioningof the
jacks,andthechangemaybemadewithoutdismantlingthetumlelas is
requiredwiththeinterchangeablenozzlesyKtem.Of cotise,thereare
numerous-disadvantagestothemultijack,f“lexible-wallnozzle.Theflex-
iblewallmusthe sufficientlythinasnottooverstresstheplateswhen
thewallsareflexedtoencompasstherequiredspeedrange.On theother
hand,tokeepthejackspacingaslargeas~ossibleandsotoreducethe
numberof jacksrequired,theplatemustbe maintainedasthickaspos-
sibletopreventsaggingorhoggingoftlie>latebetweenjacksdueto
localair-pressuredifferencesacrosstheplateaswellas,ina minor
degree,totheweightoftheplateitself.Thushighplatestressesare
occasioned,andhenceoneobjectiontothistypeofnozzleisthatdanger
ofoverstressing.of theplate(withresultingpermanentsetor structural
failure)caneasilyoccurby improperjackbperation,necessitating
elaboratesafetydevicestopreventsuchan occurrence.

Thedesignandconstructionofthejackattachmen@to sucha
highlystressedplate,theelaboratesysteni-ofjacks,eachofwhich
musthavetheabsoluteminimumofbacklash,theccxnplicationofrequiring
pressuresealswhichwillnotrleakandyet%f.11allowmotionofthe
plate,thecomplexcontrolsystemforthejacks,andmanyotherfactors
introducemechanicalcomplexity.TheflexiblenozzleoftheAmes
l-by s-footsupersonicwindtunnelshowninfigure4 atteststothis
fact.As a resultof thiscomplexity,highcostconstitutesa major
objectiontotheflexible-wallnozzle.

.

—

—.

.

.-
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As is evidentnom theforegoing,neitherthefixed-interchangeable
nozzlesystemnortheflexible-wallnozzlemethod,as ithasbeenused,
constitutesa solutiontotheproblemof obtaininga suitablesupersonic
nozzleforwind-tunnelapplicationsatisfactoryinallrespects.

At theAmesAeronauticalLaboratory,severaluniquemethodsfor
solvingthisproblemhavebeendeveloped.It isthepurposeofthis
payertodescribeonenewtypeofnozzlethathasbeendevelopedbythe
NACAwhich,obviatesmostofthedifficultiesof theoldertypesthat
havebeenpreviouslyemployed.

THEASYMMETRICADJUSTABLENOZZLE

A. Silversteinof theFlightPropulsionResearchLaboratoryof the
NACA,inan effortto circumventtheundesirablecharacteristicsof the
flexible-wallandtheinterchangeablefixed-blocknozzles,proposed
whatisnowtermeda “plugtype”nozzle.Thisnozzle,whichisshown
diagrammaticallyinfigure5, consistsofa trumpet-shapedductinthe
centerofwhichis inserteda surfaceofrevolution,theplug. It is
clearfromthefigurethat,iftheplugismovedtothepositionA, the
cross-sectionalareadecreasesuniformlytothetestsectionandhence
theductwillactas a conventionalnozzlesuitableforvelocitiesup
to sonicat thetestsection.WiththepluginpositionB, however,the
area,by properd~ensioningof theductandplug,maybe madea min-
imumata stationontheplugforwardof thetestsection.Thetest-
sectionMachnumbermaythenbe supersonic,theactualvaluebeing
deyendentupontheTositionof theplugwithintheduct. Of courseto
satisfactorilyusesucha nozzlefora windtunnel,plugandductshapes
wouldhavetobe foundwhichwouldgivea test-sectionflowfreeof
adversepressuregradients.Unfortunately,it isclearthata viscous
wakefromtheplugwilltrailintothetestsectionandpasstheexact
positionthatwould,intheusualcase,be oc’cupiedby themodel.Such

.

a wake,of course,couldnotbe tolerated.

Itwasconsideredthatboundary-layercontrolmightbe,employedto -“--
removethewake. To determinewhetherornot,byboundary-layercontrol,
thewakeproblemcouldbecircumvented,a two-dimensionalplug-type
nozzlewithandwithoutboundary-layercontrolwasinvestigatedexper-
imentally.A schlierensystemwasusedtovisualizetheflowandthe
resultsoftheinvestigationareshowninfigures6(a)and(b). In
figure6(a)theplug-nozzleflowwithoutboundary-layercontrolisshown.
Thewakeisclearly~em as isalsoa shock-wavesystemoriginatingat
thetrailingedgeof thetwo-dimensionalplug Itisnotconsidered
thattheseshockwavescouldbe preventedbysharpeningthetrailing
edge.



6 NACATN 2919

Theeffectupontheflowof introducinga boundary-layersuction
slotisseeninfigure6(b).It isevidentthat,althoughthewake
widthisreduced,it isnota significantuimprovement.Thetrailing-
edgeshocks.alsopersist.Moreover,theboundary-layersuctionslot
inreducingtheboundary-layerthicknesseffectivelyalterstheplug
shapeinsucha wayastocreate–anaddit-iunalcompressionshockat
theslot.IftheTlugsurfacewereof’poroysmaterial.soasto allow
continuousboundary-layerremoval,theflowwouldprobablybe consider-
ablyimproved.Neverthelessit isdoubtfu14hata completelysatis-
factorynozzleforwind-tunnelapplicationcouldbe developedusing
theplugmethodforspeedcontrolbecauseoftheinherentdisadvantage
ofhavingtheplugtip directlyupstresmof.thetestposition.

In anefforttorealizetheadvanta~es-cd’theplug-typenozzle
and,atthesametime,avoidtheadversepli@wake,theauthorconceived
oftheasyuznetric-nozzleshowndiagrammaticallyinfigure7. L Thelower
wallo&the two-dimensionalarrangementishorizontallytranslatable
withrespecttotheupperwall.Withthelowerwsllmovedforwardthe
minimumareaforwardofthetestsectionisdecreasedandthetest-
sectionMachnumberaccordinglyincreased,andviceversa.Noproblem
ofa plugwakearisesforthistypeofnozzleand,presupposingthat
wallshapescouldbe formedto giveuniformflowinthetestsection
overthewholespeedrangeforwhichthenozzlewouldbe employed,such
a nozzlewouldbe satisfactory.Thereremainstheproblemastowhether
theasymmetrywouldpromoteundesirableverticalpressuregradientsof
seriousmagnitude.

To~ermitstudiesof theflowthoughsucha nozzle,thetrisl
nozzleshowninfigure8 wasconstructed.Duringthecourse0$the
experiments,whichwereconductedbyMr.ZegmundBlevissoftheLaboratory
staff,numerousupperandlowercurvedblockswereinvestigated.Side-
wallpressuremeasurementsweremadeandschlierenpicturesoftheflow
weretakentodeterminetheadequacyofthenozzleconfigurations.

Intheearlystagesof thisinvestigate.cg,thenozzleshayeswere
crudelydeterminedby simplycaniberingsymne.tricalnozzlesthatPrevio~”
experiencehadindicatedtobe satisfactory.Inlaternozzles,theflow
was anslyzedby themethodof characteristicstodeterminewhataltera-
tionsofnozzlesh~eswouldimprovetheflows.Typicalschlierenflow
photographsof someofthenozzlesinvestigated”’sreshowninfig-
uresg(a),(b),and(c). Thenozzleoffigureg(a)gavenearlysatis-
factoryflow,whilethat--offigureg(b)(anozzlewhichwasshortened
tomaketheassemblymorecompact)isdefinitelyunsatisfactory,asis
evidencedby theshockwaves.Forsatisfactoryflow,Machlinesinthe
testsectionshouldbe straightandparallel.To demonstratethe
adequacyofa nozzle,inmme casesfinescribelinesweredrawninthe

z
,-—

.

—

lItisclearthatthisnozzleis,inessence,one-halfofa two-
dimenslonalplug-typenozzle,
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uppersurfaceperpendicularto theflowdirectiontopromotesuchweak
shockwavesinthetestsectionasto approximateMachwaves.The
performanceofa nozzlewithscribemarksisshowninfigure9(c).
Theflow,aspredicted.by theMachlines,is seentobe satisfactory.

Somefurtheralterationsweremadeto thenozzlesto improve
theMachnumberrsmgeoverwhichsatisfactoryflowcouldbe obtained.
Itwasparticularlydesirabletobe ableto operate,withsatisfactory
supersonicflow,as closetoMachnuniberunityaspossible.After
somefurtherrevisions,a minimumsupersonicMachnumber.scmewhatless
than1.1wasattained.ThemaximumMachnumberforsatisfactoryflow
was2.0. Althoughsomewhathigherspeedscouldbe attained,separation
oftheflowwasproneto occuronthelowerwallinthetestsection.

Theseparationofflowwhichoccursonthelowersurfaceisfelt
toariseinthefollowingmanner:Tn thecsmberedsectionsofthe
nozzleupstreamofthetestsection,thepressureat anystationmust
be lowerattheconvexwallthanat theconcavewallinorderthatthe
flowmaybe turnedalongthecurvedpath. In themainbodyofthe
stresm,thefluid’isnotinfluencedimportantlyby theviscosityand
forthisfluidthecentrifugalforceoneachelementfollowingthe
curvedpathiSexactlybalancedby thepressuregradientacrossthe
nozzle.Theflowinthemainbodyofthestreamisthusnotinfluenced
by thefactthatcaniberexists.Theairintheboundarylayermoves
ata lowervelocitysothatthecentrifugalforceon eachelementis
insufficienttobalancethepressuregradient.Hence,theairwithin
theboundarylayeronthesidewallswillmovearoundthepassagewalls
towardtheconvexsurface.Theintegratedinfluenceofthecurvature

‘ isthereforeto collecta muchthickerboundarylayerat thedownstream
stationsontheconvexplatethsmontheconcavesurface.ThiS thicker
layeris,of course,moreproneto separationundertheadversepres-
suresoccurringinthediffuser.

Itwasapparentfrompressuresurveysalongthewallsofthe
nozzlethatverticalpressuregradientsoccurredinthetestsection
atthehigherspeeds.Howeverjtheindicationswerethatthese
adversegradientswouldnotbe tooseriousup to a Machnumberclose
to2.0.

Theinvestigationofthenozzlewasextendedto determinethe
compressionratiorequiredtomaintainsupersonicflowthroughthe
testsection.To simulate.as closelyaspossiblea nozzlesuitable
forwind-tunnelapplication,thenozzlewasconstructedtopermitthe
presenceofa modelsupportgear,showninfigure10,immediately
downstreamof thetestsection.In orderthatatMachnwbersclose
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tounitysucha supporl-gearwouldnotchoketheflowattheposition
ofthesupport,thesideandtopwallswereflaredtokeepthecross-
sectional.areaatthepositionofthesupport-geargreaterthanthat
atthetestsection.This,ofcouxse,incurreda ratherrapiddiver-
genceoftheflmedwallsinthissectionof-thediffuser.Thedif-
fuserfollowingthesupportgearwasofthefamiliarsubsonictype
witha 3° halfangleofidiffusionat eachwallas a maximum.

b

Thecompressionratiosrequiredtomaintainsupersonicflowwere
determinedwithmd without-thesimulatedmodel-supportgearinstalled
andareshowninfigure11. Thepresenceofthesupportgear@roves
theperformanceaswouldbe expectedbecauseOftheflaredwalls
oppositethepositiontakenby thesupportgear.Theimprovementdue
tothepresenceofthesupportgearisprobaQlyalsodue,in-part~to
thesupersonicdiffusioncausedby theobliqueshocksystempromoted
by thestrutsupport.

Thefactthattherequiredcompressionratiosatthehigher~ch _.
numbersisgreaterfortheasymmetricnozzlethanfor.thesymmetric
nozzlesconsideredby Crocco(ref.3) isprobablypartlyattributable
totheadverseeffectoftheunusuallythickboundarylayeronthe
convexwallofthediffuser.Anotherfactorwhichprobablycontributes
tothischaracteristicistheflaredsectiontopermitlowsupersonic
speedoperationwiththesupportstrutinplace.Testsofa symmetric
nozzlewithsimilarcompensation-forthesupp~rtstruthasalsoshown
loweredefficiencyathighMachnumbers.

i
.-

Theresultsobtained-fromthetestsofthe1-1/>by l-l/2-inch–
modelnozzledemonstratedthatoneofthistypewouldperformsuffi-
cientlysatisfactorilyforapplicationtoa largewindtunnel,andit
wasdecidedtoemploysucha nozzleintheAmes& by &foot supersonic
windtunnelwhichwastobe constructed.

.-
Itwasdeemedadvisable,

however,to furtherinvestigatethenozzleas“amodeloftheproposed
oneforthe& by &footwindtunnelusingthelargestsupplyofdry

—

airathighpressuresavailableatthelabor~tory.Accordingly,am
&by 8-inch”windtunnelemployingtheasymmetricadjustablenozzle
wasconstructed.Thiswindtunnelisshowninfigure12withtheside
platesremovedto showthenozzleshape.Ordinatesforthelowerand
uppernozzleblocksaregivenin_tablesI and_II,respectively.p

—
—. . .———

.2Asregard=thecontinuityofthecurvesbetween0rtiIIahf3) fairness
hasbeendeterminedatAmesAeronauticalLaboratoryusinga simple
curvaturegageconsistingoftwofixedposts_witha thirdmovable
postlocatedmidwaybetweenthe,others.Themovablepostisdirectly
connectedtoa dialgageto readthedeflectionofthemovable

.—
s

relativetothefixedposts.Forthegages..that~ve beenusedin “-
the1–by >footand6-by &foot tunnels@ thelaboratory,the
fixedpostshavebeenseparatedone-thirty-sixthofthetest-section w

height.Forsucha gage,experiencehasindicatedthattheper-
missibledeviationof thecurvaturefromthelocalmeanasmeasured
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Whereaswiththe1-1/2-by l–1/2=inch-modelnozzlethemovable
blockwaschangedinpositionmanuallyandbolteddownforeachset-
ting,themovingelementof the&by &inch nozzlewasactuatedbya
leadscrewfrom~tsidethenozzle.Leakagethroughthegapbetween
themovingblockandthesidewallsofthe& by 8-inchtunnelwas
preventedby an inflatablebunarubberseallocatedintheedgesof
themovingelementwhichboreagainstthefixedwalls.

Staticpressuresurveysweremadeusingorificeslocatedinthe
wallsofthetunnel.TypicaldistributionsofMachnumberfromthe
beginningto endofthetestsectionatbothsubsonicandsupersonic
speedsareshownin figure13. It is seenthatoverthefulltest-
sectionlength,whichisnearlyequalto thetest-sectiondepth,
deviationofMachnumberalongtheaxisis inonecase(M%1.1) as
largeas*2 percent.Fora modelsmallenoughtobe investigated
withoutwallinterferenceatMachnumbersneartheminimtiof 1.1,
themodellengthwillbe oftheorderofhalfthetest-sectionheight
forwhichtheMachnumbervariationalongthemodelcanbe keptto
about*0.~percent.

Surveyswerealsomadeto determinetheverticalgradientsinthe
testsectionfromsubsonicto supersonicspeeds.Resultsofa typical
surveyareshownin figure14 (forthessmeblockpositionsas in
fig.13)fortheverticaldistributionofMachnumberat a station
nearthecenterofthetestsection.Theverticalgradientsaregen-
erallysatisfactoryalthougha gradientispresentatMachnumbers
near1.2and,asnotedpreviouslyforthe1—1/>by l-1/2-inchnozzle,
atMachnumbersnear2.0.

CONCLUDINGREMARKS

Theasymmetricadjustablenozzlepossessesseveralmarkedadvan-
tagesovertheinterchangeablefixed-blocknozzleandtheflexible-wall
nozzle.

Comparedwiththefixed-blocknozzleit Isclearthatthemajor
advantageoftheasymmetricnozzleisthatanyMachnumber(through-
outtheattainableMachnumberrange)canbe obtainedby translation
ofthemovableblock;whereaswiththefixedplates,onlyasmsmyMach
numbersastherearefixednozzlesareavailable.Againjforthe

2(Continued)by thedeflectionofthemovinglegwithreferencetothe
fixedlegsis0.00@ ofthedistancebetweenthefixedlegs.Forthe
&by &inchwindtunnel,thecurvaturevariationwasinvestigated
usinga gagewithfixedposts1 inchapart.Thesurveyshowedthis
nozzlesomewhatbelowstandsrdinthat,inat leastoneinstance>
a deviationfromthemeanof0.0008inchwasmeasured.

---
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fixed-blocknozzleprovidedwithblocksto givemorethantwoorthree
operatingMachnumbers,thehighcostofthemachinedblockswillmore
thanoffsetthecostofthemovableblockdriveendthesealinggear
intheasymmetrictype.Finally,forlargewindtunnels,theinter-
changingofblocksrequiresunwieldyandexpensiveblock-changinggear
aswellasanunnecessarilylongtimetomaketherequiredchanges.

Comparedwiththeflexible-wallnozzleit isevidentthatbecause
ofitherelativemechanicalsimplicityoftheasymmetricnozzlethe
costof sucha nozzlewillbe considerablylower.A secondadvantage
isthatthewallsarerigidandhencemaintaintheiruniformityof
curvatureincontrasttotheflexibleplateswhereinscallopingcan
occurbetweenjack-supportpoints.A third-advantageoftheasymmetric
typeisthatthereislittlepossibilityof structural-@nageto the
nozzle.As notedpreviously,structuraldamagecameasilyoccurin
flexiblenozzlesdueto improperoperation.ofthejacksalthoughby
properdesignthisdangercanbe alleviatedtoa largeextent.Finally,
withmostoftheflexible-wallnozzlesconstructedtodatethereexists
thepossibilityofexcessivelostmotioninthejackinggeardueto
requiredclearanceand,afterconsiderableuse,towear. Hencethere
isan everpresentpo~sibilitythattheplateswillnotrepeatedly
flextothepropersettingandso,attheveryleast,thatthecal-
ibrationofthenozzlewillnotremainconstant.

Of coursethereareseveraldisadvantagesoftheasymmetric
adjustablenozzlein.comparisonwiththeothertwotypes.Ofmost
importanceisthefactthatthecurvatureof theconvexandconcave
surfacesmustbe correctforallspeedsof theoperatingrangeso
thatcomparedtotheinterchangeableblocknozzleitnecessitates
muchmorecarefuldesign,andcomparedto theflexible-walltypeit
cannotbe convenientlyalteredafteritsconstructioniscompleted.
Certainlyitistruethattheasymmetricnozzlessofarinvestigated
haveshownat someoperatingspeeds~desirablehorizontal-andvertical
gradients..Thepresenceof thelatterare-particularlyundesirable
sincetheyimplystreamangularity.However,itisconsideredthat
theseadversegradientscanbe reducedtoanunimportantscaleby more
refinementof the-nozzleshape.S T@ secondmajordisadvantageofthe
asymmetricnozzlessofarstudiedisthattheMachnumberrangefor
efficientuseislimitedsince,asnotedpreviously,thecompression
ratiosrequiredatthehigherspeedsexceedthatfortheconventional
symmetricnozzles.Itdoesnotfollowthatsucha characteristicis
necessarilyinherentinthetypehowever.Ithasbeensuggest-edthat
thischaracteristicmayresultinpartfrom(a)theeffectofthe
flareddiffuserat thepositionof themodelsupport,and(b)theeffect
of theasymmetryinthickeningtheboundarylayeroftheEonvexplate.

w

.

.—

-.

—

A

-.

.

—

.—

—

‘Severalimprc5vedmethodsfordesignofasymmetricnozzleshavebeen
proposedsincetheoriginalissuanceof thisreport.Themethodof
reference4 hasbeenfoundmostusefulandgeneralinap@ication.

.
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Iftheadversecharacteristicresultsfromtheexcessiveflareofthe
diffuser,it couldeasilybe remediedby employinginsertstoreduce
thediffusionangleathighMachnumbers.Iftheadversecharacteristic
resultsfromthelatter,thesealinthegapbetweenthemovableblock
andthesidewallcouldbe removedandtheboundarylayerdrawnoff,
by a suitablepump,soas topreventthegrowthoftheexcessively
thickboundarylayeronthetest-sectionfloor.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,MaY12}194-8
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Slide
Plane

TABLEI.-ORDINATESOFM3VABIELOWERBIOCK
OF8-BY8-INCH~L NOZZLE

f?
—.— -—. —

L--L
I> ~

——-Y..— — .—— ——.

.

.

15.84

Dimensionsininches v
.

L

17.Ao
18.430
19.660
20.892
22.122
23.353
24.583
25.814
27.044
28.274

H

9.$34
9.81g
10.360
10.819
U.183
11.444
Il.640
11.782
11..881
11.936

L

29.X5
30.735
53.000
54.000
55.000
56.000
57.000
58.000
59.000
6Q.000
61..000

H

11.974
u ●997
11.849
II..835
u.810
I-1.770
Xl..714
U.640
11.547
n.420
11.25$)

.



NACA

*

.

TN 2919 13

TABLEII.-ORDINATESOFFIXEDUPPERBLOCK
IN8-BY &-INCHWINIHNINNELNOZZLE

—.— ___
T–

—. .— __ __
r

HL 9.59

I -4 I I I

0.000
1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.(NO

10.000
11.000
12.000
13.000
14.000
15.333
~6.563
1~.794
19.024
20.254
21.485
22.715
23.947
25.In

DimensiO13S

HL

10.250
10.580
10●goo
11.220
I.1.xo
11.wo
12.070
12.333
12.560
12.770
12.975
13.lx
13.315
13.445
13.540
13.586
13.548
13.385
13.104
12.740
12.283
11.741
l-l●170
10.608

,,33 -J-r
ininches

k

26.408
27.638
28.868
30.099
31.329
32.559
339790
35.020
36.250
37.481
38.711
399943
41.173
42.404
43.634
44.864
46.095
47.325
48.555
49.786
51.016
51.330
54.990
58.660

HL

10.082
9.585
9●122
8.694
8.310
7=970
7.665
7.380
7.124
6.893
6.676
6.464
6.317
6.170
6.036
5.923
5.824

5.591
5.585
5.561
5..536

—



NACATN2919



NACATN 2919 15

g

( I
I

I

.

.

.

Figure 1. - Compressible flow through o
comergent-diverg6ntnozzle.
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Figwe 2.- Ratio of throof io test-section urea for supersonic wind-tunnel nozzles. ~
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Compressionshocks~
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Figure 3.- Diugrum
typical supersonic

of ve/ocity
tihd-tumel

through o
nozzle.

.
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Figure4.–Oneofthe1-by 3-footwind-tunnelflexible-wall
nozzlesoftheAmesAeronauticalLaboratory.
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Figure 5.- Silverstein plug-type supersonic nozzle.
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(a)Withoutboundary-layercontrol.

(b)Withboundary-layercontrol.

Figure6.- Schlierenphotographofthe..flowt~.ou@a tw~l~nsi~al
plug-typenozzle,

.

.
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,

(a) Modelnozzleassenibled.

.

(b)Modelnozzlewithsideplatesa_@windowsremmed,
Figure8.- Thel-1/2-byl-1/2-inchasymmetricadjustablenozzle.

.



NACATN 2919

(a)Nearlysatisfactorynozzle.

(

23

Supersonic.flm
notestablis~d.

M2 1.95.

;upersonicflw
lotcompletely
established,
M = 2.2)

Figure9.-Schlierenphoto~apkofflowthroughanasymmetric
adjustablesupersonicnozzleatvariousMachnumbers.



24– T-- NACATN 2919

M2 1.13,

M =1.31,

M % 2.570

M ~ 1.94,

M22. c9.

Supersonicflow
notestablished.

.

(b)Unsatisfactorynozzle.

Figure9.-Continued.
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Supersonicflow
notestablished.

M21.34.

M= 1.54.

M = 1.’,-.

M ~ 1.94.

(c)Picturestakenwithsmallindentationsonconcavewall.

Figure9.-Concluded.
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(b)Three+uarterfrontview.

Figure10.–Thel–1/2-byl-1/2–inchasymmetricad~ustablenozzlewith
modelsupportgearinstalled,
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Muchwnbe~ M

Figure1/.- Compressionrotiorequiredfor 1+-x /$-inchuqym-
. metricoo’’ustublenozzle(oimosphericexit).
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(a)‘lhree+uarterfrontvfew.

.

1

(

(b)Three-quarterrearview.
Figure12.- The& by 8-inchwindtunnelwit-hsidewallsremoved.
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o / 2 3 4 5 6 7

Distoncefrom test sectionentrance,inches

Rgure13.- LongitudihulMachnumberdistributionin 8-by 0-inch
windfunnel ~from side-wellmid-heightpressuremeosure-
rnenfs).



Much number, At

Figure 14.- Vertical Mach number distribution h 8-@ 8-inch wind tunnel (horn sfde-
wall pressure measurements ai station five inches downstream of entrance to

test section ).

. .,


